M) significantly increased cyclic AMP formation and glucose production by the isolated tubules of the renal cortex of the rat. These effects were abolished by propranolol. Theophylline diminished the effects of the catecholamines on gluconeogenesis despite a marked augmentation in cyclic AMP concentration. In the absence of calcium ion in the incubation medium, isoproterenol stimulates cyclic AMP production, but has no effect on gluconeogenesis. It is concluded that catecholamines enhance gluconeogenesis in renal cortical tubules by the stimulation of beta adrenergic receptors. This effect is probably mediated through adenyl cyclase-cyclic AMP system and requires an adequate level of ATP and the presence of calcium ion.
INTRODUCTION
It has been shown that the renal cortex can produce glucose from a variety of substrates (1) . This process of renal gluconeogenesis is influenced by the concentrations of hydrogen and calcium ions in the incubation media as well as by parathyroid hormone (PTH) and cyclic AMP (1-7). Since both PTH and catecholamines stimulate the adenyl cyclase activity of homogenates Dr. Massry is an Established Investigator of the American Heart Association.
Received for publication 23 October 1972 and in revised form 16 January 1973. from renal cortex of the rat (8, 9) and increase the cyclic AMP concentration in renal cortical slices of the dog (10) , it is possible that catecholamines also influence renal gluconeogenesis. The present investigation was undertaken to evaluate the effects of catecholamines on renal gluconeogenesis utilizing the isolated renal cortical tubules of the rat.
METHODS
Wistar male rats, weighing 180-200 g, were used. The preparation of isolated tubules from the renal cortex, the experimental procedures, and the analytical methods for the determinations of glucose and adenosine triphosphate (ATP) levels were done according to the methods described by Nagata and Rasmussen (5, 6) . In short, renal cortical tubules, containing 5-6 mg proteins, were incubated at 370C for 20 min in 1.2 ml of Krebs-Ringer bicarbonate buffer, pH 7.4, containing 2% bovine serum albumin, 0.5 mM palmitate, and 5 mM alpha-ketoglutarate with a mixture of 95% 02 and 5% C02 as a gas phase. The concentration of CaCl2 in the buffer was 1.0 mM and that of bicarbonate, 25 mM. The incubations were carried out in the presence or absence of PTH, catecholamines, propranolol, cyclic AMP, or theophylline. Some studies with isoproterenol were carried out utilizing a calcium-free buffer but with 0.1 mM ethyleneglycol-bis (#-aminoethylether) N,N'-tetraacetic acid (EGTA). After the incubation, perchloric acid extracts were prepared. These extracts were neutralized and then analyzed for glucose and ATP by fluorometry (5, 6) . For the measurements of cyclic AMP concentrations, cortical tubules were incubated in the same way except for the omissions of palmitate and alpha-ketoglutarate from the incubation medium. First, the incubations were carried out for 10 min with and without 10 mM theophylline. Then, PTH, catecholamines, or propranolol were added in a total volume of 10 ul, and the incubations were continued for one additional minute at 370C; 0.9 ml of 10%o trichloroacetic acid was added to the media which was then centrifuged for 10 min at 1000 g. Trichloroacetic acid was extracted three times from the supernate with 5 vol of water-saturated ether. The remaining ether was removed by placing the supernate in a boiling water bath for 3 min. Cyclic AMP concentration was measured by the method of Gilman (11) .
RESULTS AND DISCUSSION
The effects of PTH, catecholamines, cyclic AMP, and propranolol on glucose production and cyclic AMP concentration in the isolated tubules of the renal cortex of the rat are presented in Table I . The variations in the control rate of glucose production observed in the various experiments (Table I ) are probably due to the different tubular preparations used. Our results on the effects of PTH and cyclic AMP are similar to previously reported data (5) (6) (7) and are presented here for comparison with the effects of the catecholamines. Both isoproterenol and norepinephrine produced a significant (P < 0.01) increase in glucose production fronm alpha-ketoglutarate by the renal cortical tubules. Since the catecholamines also augmented cyclic AMP formation and since cyclic AMP increased glucose production as well, it is likely that the effect of catecholamines on glucose formation is mediated by cyclic AMP. Propranolol, a beta adrenergic blocking agent, abolished the stimulatory effects of isoproterenol and norepinephrine on both gluconeogenesis and cyclic AMP concentration. These observations indicate that the effects of the catecholamines on gluconeogenesis are produced by the stimulation of beta adrenergic receptors in renal cortex. Since the additions of propranolol alone to the incubation medium significantly suppressed gluconeogenesis, it could be argued that this drug may inhibit the gluconeogenic activity of the renal cortical cells. However, an increase in hydrogen ion concentration in the incubation medium (HC03-= 10 mM, pH 7.0) in the presence of propranolol resulted in a significant augmentation of gluconeogenesis from 26.7±0.8 to 40.6±0.9 nmol/mg protein per 20 min, suggesting that the cells were active and capable of glucose production. The concentrations of catecholamines used are those which produced a maximal effect on both glucose formation and cyclic AMP concentrations. It is possible. however, that a further increment in the concentration of cyclic AMP may result in a greater production of glucose. Therefore, the effect of theophylline, an inhibitor of phosphodiesterase, was examined. Theophylline alone, in a concentration of 10 mM, produced a slight increment in the basal levels of cyclic AMP but augmented markedly the cyclic AMP concentrations in response to isoproterenol. However, glucose production was suppressed by theophylline both in the presence and absence of isoproterenol. Although the suppressive effect of theophylline on gluconeogenesis was noted by Pagliara and Goodman (12) , the mechanisms for this inhibition are not known. In the present study, theophylline decreased the levels of ATP in the isolated tubules; ATP levels were 2.54+0.02 and 3.37±0.07 nmol/mg protein with and without 10 mM theophylline, respectively (P < 0.01 ). The gluconeogenic reaction catalyzed by phosphoglycerate kinase is coupled with ATP. Furthermore, the reaction catalyzed by a key gluconeogenic enzyme, phosphoenolpyruvate carboxykinase, is coupled with guanosine triphosphate, the level of which would vary in parallel with that of ATP. It seems, therefore, that the decrease in the level of ATP by theophylline may, at least in part, be responsible for the suppression of gluconeogenesis by this agent.
Since the actions of catecholamines on its target cells are thought to be accompanied by a change in calcium ion concentration in cell cytosol (13) , and since gluconeogenesis is stimulated by calcium ion (1, 6) , the effect of isoproterenol on glucose production by the renal cortex was evaluated in the absence and presence of calcium ion in the incubation medium. As depicted in Fig. 1 , isoproterenol could not stimulate glucose production in the absence of calcium despite the stimulation of cyclic AMP production. The failure of isoproterenol to stimulate glucose production in the absence of calcium cannot be attributed to a lack of gluconeogenic capacity, since an increase in hydrogen ion concentration in the calcium-free medium is accompanied by enhanced gluconeogenesis (5, 7) .
An increase in glucose production may not always represent gluconeogenesis, since breakdown of glycogen will also result in enhanced glucose formation. The kidney contains only minute amounts of glycogen, 0.01% of its wet weight, (14) , and as such, is considered al excellent organ for the study of gluconeogenesis (1 ). It is, therefore, unlikely that the increase in glucose production observed in our study reflects glvcogenolysis. Furthermore, catecholamines stimulate gluconeogenesis and cyclic AMP production in the liver as well (15) .
The results of the present study demonstrate that catecholamines enhance gluconeogenesis in renal cortical tubules by the stimulation of beta adrenergic receptors. This gluconeogenic effect of the catecholamines is probably mediated through adenyl cyclase-cyclic AMP system and requires adequate levels of ATP and the presence of calcium ion.
